Cyanobacterial mats are benthic procaryotic communities which are commonly found in coastal environments such as salt marshes, sand flats, or mangroves. Due to grazing by benthic invertebrates and the unstable environment, they are frequently destroyed and do not mature into thick mats in these places. Under more extreme conditions created by high temperature or salinity, high sulfide concentrations, or extreme pH, the mats may sometimes accrete over many years in a seasonal growth pattern. The thick laminated mats or stromatolites which are thereby formed are found today only in scattered environments such as hypersaline lakes and lagoons, hot springs, and sulfur springs (3, 4, 10, 35) .
The cyanobacterial mats are characterized by a high primary productivity and a rapid recycling of organic matter. In marine or hypersaline environments, much of the organic decomposition is mediated by sulfate-reducing bacteria. The microbial community is therefore well adapted to deal with the large amounts of sulfide which are oxidized back to elemental sulfur and sulfate at the mat surface. In the uppermost photic layer the bacteria are also adapted to extreme chemical variations between day and night, especially of oxygen, sulfide, and pH (30) .
Cyanobacteria, which are usually the dominant matforming organisms, are oxygenic phototrophs. Yet, many strains have the ability to perform anoxygenic photosynthesis with H2S as an electron donor. Many cyanobacteria can switch totally or partly from a normal green plant-type of oxygenic photosynthesis to a bacterial-type of anoxygenic photosynthesis when the ambient sulfide concentration becomes sufficiently high (12, 15, 16) . The cyanobacteria are thereby able to grow as phototrophs under permanently or periodically anaerobic conditions. Although both oxygenic and anoxygenic photosynthesis are biochemically efficient processes, the transitions between the two may pose serious problems for the cyanobacteria. The initiation of H2S pho-* Corresponding author. tosynthesis in 02-grown cyanobacteria, for example, seems to require an induction period of a few hours (25) . The transition back to oxygenic photosynthesis upon depletion of H2S may on the other hand require the ability to overcome toxic effects of H2S on photosystem II. The physiological flexibility of the benthic cyanobacteria can be considered a useful and important adaptation to the modern, oxic world. Although sulfide is still a significant component of the chemical microenvironment of the bacteria, it usually becomes depleted in the photic part of the mat during daylight (30) . The cyanobacteria are then instead exposed to a high concentration of oxygen, which is produced by the photosynthetic community itself or which diffuses in from the overlying water column or atmosphere.
The transition from a sulfide-to an oxygen-dominated environment, which in modern mats can take place through a diurnal cycle, must have occurred as part of the early evolution of the biosphere. The extensive fossil record of stratiform procaryotic communities, which structurally may resemble living cyanobacterial mats, shows that these have been common through most of the Proterozoic era. Thus, oxygenic photosynthesis presumably evolved in cyanobacteria-like organisms, which must have grown in sulfide-or iron-rich waters. It is possible that such oxygen formation may have been initiated daily in highly reducing environments over vast periods of time, before it had sufficient impact to build up a free oxygen pool in the overlying seawater.
One of the aims of the present study was to show whether such a phenomenon could still take place today in a modem cyanobacterial mat. We also wanted to see how the photosynthetic organisms were physiologically adapted to shifting oxygen and sulfide conditions. We therefore studied the photosynthetic activity under H2S to 02 transitions both in intact mats and mat fragments in the laboratory as well as in pure cultures of cyanobacteria isolated from such mats. Only the former work is reported here, while the latter is published elsewhere (13 (11, (20) (21) (22) (23) (24) .
One series of experiments was carried out over a 24-h period in a single cyanobacterial mat core from Solar Lake. Another series was performed on a small fragment of the Microcoleus-dominated layer from the same mat. The 4-cmwide core was collected during spring of 1982 at a 0.5-m water depth near the eastern shore of the lake. This specific mat area was described previously as the "deep flat mat" (21, 22, 24, 30 (27) , Thomas (33) , and Revsbech and J0rgensen (in press).
A property of the 02 microelectrode, which was crucial to this experiment, is the high resistance to sulfide poisoning. The electrode was first exposed to several millimolar sulfide solutions which decreased the electrode current by approximately 30%. After that, it no longer showed significant sensitivity changes during repeated exposures to high sulfide concentrations. Thus, even after 2 h at 3 to 6 mmol of HSliter-', it still showed immediate response to very low oxygen concentrations with no significant signal drift.
Photosynthesis under sulfide. Rates of oxygenic photosynthesis in the mat were measured by rapid light-dark shifts. As shown previously, the rate of oxygen disappearance during the initial dark period is equal to the steady state rate of photosynthesis during the preceding light period (28, 29) .
Experiments on 02 production under sulfide were carried out with sulfide-enriched Solar Lake water covering the mat core. A 1-cm-thick layer of paraffin oil was poured on top of the brine water to reduce gas enchange with the ambient air. The oxic brine was then replaced by similar anoxic brine containing 350 i,mol of sulfide liter-' at pH 8.6. As the experiment proceeded, more sulfide was added. During the incubation, the pH of the brine varied only within a range of pH 8.5 to 8.7, but upon the last additions of sulfide to very high concentration, the pH fell to about 8.0. (The terms sulfide or HS-will be used designate the sum of both dissolved H2S gas and the dissociated forms, HS-and S2-. HS-is quantitatively the most important of the three species at the present pH values. When undissociated H2S is specifically meant, it is written H2S).
Isolated mat fragments. Another series of experiments was conducted on a small piece of the mat surface, about 10 mm3. The piece was attached by fine glass needles to the wall of a 100-ml square-bottom glass vessel. The vessel was filled with Solar Lake water, purged with N2, and supplemented with 0.7 mmol of sulfide liter-' at pH 7.8. The mat piece was illuminated as before and observed with a dissection microscope through the flat glass wall. The oxygen, sulfide, and pH microelectrodes were then carefully positioned at exactly the same point within the dense Microcoleus layer of the mat. This position was 0.7 mm below the original mat surface where the photosynthetic activity was highest under the 02 to H2S transitions. Finally, paraffin oil was poured on top of the water and experiments on oxygen and sulfide dynamics during light-dark shifts were initiated. RESULTS The distribution of the dominant phototrophic organisms was studied in the mat. Diatoms, mainly Nitzschia vostellata and Navicula lamplanata, coated the surface of the mat as a 0.2-to 0.3-mm-thick, irregular film. Below this layer the rest of the mat was populated exclusively by procaryotes. The filamentous cyanobacterium, Microcoleus chthonoplastes, formed a dense, blue-green layer at 0.3-to 1.1-mm depth in which most of the photosynthetic activity took place. It was separated by a thin, white film of carbonate grains from a green, mixed layer of cyanobacteria, mainly Phormidium sp., and of very thin flexibacteria, presumably of Chloroflexus type. This sequence repeated itself in the layers below.
Oxygen evolution under sulfide. The following series of experiments was performed to demonstrate whether the intact cyanobacterial community could initiate oxygenic photosynthesis in the presence of high ambient sulfide concentrations.
Initially, the mat was covered by aerated Solar Lake water in the light at 100 [LE m-2 s-1 and the steady state distributions of oxygen, sulfide, and pH were measured. An oxygen maximum was present at 0.5 to 1.0 mm depth (Fig. 1A) . Oxygen penetrated only 2.7 mm into the mat, where it reached the upper boundary of the sulfide zone. Oxygen and sulfide overlapped in a 0.5-mm-thick layer in which rapid sulfide oxidation has previously been shown to take place (cf., 20, 30) . The water over the mat was replaced by anoxic brine containing about 350,umol of HS-liter-'. The core was kept in the dark, allowing the sulfide to diffuse into the mat. After 1 h, all oxygen had disappeared and a rather uniform distribution of sulfide was established (Fig. 1B , broken line).
Just below the mat surface the pH was 8.5, the sulfide concentration was 260 pumol liter-', and thus the concentration of undissociated H2S was 13 ,umol liter-'. H2S toxicity to Microcoleus mat photosynthesis. During the following experiment, the sulfide levels in the water and the mat were gradually increased to find the upper limit of H2S concentration which would still allow oxygenic photosynthesis to develop in the Microcoleus layer.
The sulfide concentration in the water was adjusted to about 600 ,umol liter-' (= 30 ,umol of H2S liter-l), and the mat was incubated in the dark for 1 h to allow for diffusion equilibration. During the following light period at 400 ,uE m-2 s-5, the sulfide was rapidly oxidized within 5 min, and an oxygen maximum developed at 0.75 mm depth (Fig. 2A) It is the high concentration of H2S gas rather than ionic sulfides which is most inhibitory to the phototrophic organisms (17, 26 (Fig. 3, been observed. The mat was first incubated in the dark for equilibration with sulfide in the water. Sulfide-oxygen shifts between dark and light were then followed in continuous time-course experiments. The effects of increasing sulfide concentrations and light intensities were both studied.
Six sulfide and light combinations were applied, of which one example is shown in Fig. 4 . There was a rapid initial depletion of sulfide at the start of the light period. Just before sulfide reached zero, oxygen began to appear. Oxygen then accumulated at a constant, maximum rate in the light. In the dark again, oxygen disappeared rapidly and sulfide started to build up slowly, but usually only after a lag period. During this lag period, sulfide diffused from the surrounding mat towards the sulfide-depleted region at a 0.75 mm depth. The duration of the lag depended on how thick a sulfide-free oxygen zone had developed in the light (cf. Fig. 1) .
The rates of sulfide disappearance in the light and of the subsequent oxygen disappearance in the dark are both measures of photosynthetic activity (cf. reference 28). Although the absolute rates are difficult to interpret due to nonsteady state conditions, they weie clearly a function of both light intensity and sulfide level (Table 1 ). Sulfide disappearance rates generally increased with increasing sulfide level, although this trend was perturbed according to light intensities. Thus, even at the highest sulfide concentration of 4,200 p.mol of HS-liter-' (= 180 ,umol of H2S Recovery of oxygenic photosynthesis. Gradually increasing sulfide concentrations in the mat ultimately led to inhibition of oxygenic photosynthesis although extensive sulfide depletion could still take place (cf. Fig. 2B ). When this occurred, we shifted the mat to oxic conditions by removing the paraffin oil and flushing the mat several times with aerated Solar Lake water. The mat was thep left in the dark for 10 h.
After this period, the mat was essentially still anoxic beneath the aerated water, with sulfide diffusing out along a steep gradient (Fig. 5A) . Under 400 R.E m-2 s-' illumination the sulfide zone gradually retreated and oxygen started to build up from the mat surface and downwards (Fig. SB) . After a few more minutes, however, the cyanobacteria had brought down the sulfide level sufficiently to develop a sharp oxygen maximum in the Microcoleus layer (Fig. SC) . During the following 15 to 20 min, a broad oxygen peak evolved similar to that in Fig. 1A . The cyanobacteria had evidently recovered from the previous exposure to 5,000 ,umol of HSliter-'.
Experiments on mat fragments. The following experiments were made to discriminate between the role of oxygenic and anoxygenic photosynthesis for the removal of sulfide and to demonstrate the effect of increasing or decreasing sulfide level on the rate of oxygen evolution. The measurements were made on freshly isolated pieces of mat to be able to regulate the sulfide concentration more precisely. The samples were examined microscopically and shown to contain predominantly M. chthonoplastes bundles together with Cloroflexus-like bacteria.
The mat fragment was placed in anoxic, sulfide-enriched brine from Solar Lake at pH 7.8. In one experiment, the cyanobacteria were exposed to 700 ,umol of HS-liter-1 (= 180 ,umol of H2S liter-') in the dark. A time-course experiment was then done in the light at 400 ,uE m-2 s - (Fig. 6 ).
The sulfide disappeared at a nearly linear rate and was APPL. ENVIRON. MICROBIOL. the sulfide-enriched Solar Lake water. DCMU at this concentration blocks photosystem II in cyanobacteria and it thereby completely inhibits oxygenic photosynthesis (e.g., see reference 15). A comparison of sulfide depletion rates with and without DCMU would therefore show whether an undetected photosynthetic oxygen evolution contributed significantly to the removal of sulfide.
The initial rate of sulfide depletion in the light was just as fast with DCMU added as without (Fig. 6 ). This indicates that even without DCMU photosystem II activity was already blocked in the cyanobacteria due to the high sulfide -L a, -6 E 0 level and that oxygenic photosynthesis was insignificant until most of the sulfide had been depleted. The initial consumption of sulfide within the Microcoleus layer during light was thus due to anoxygenic photosynthesis. After 2.5 min, however, the rate of sulfide removal in the DCMUinhibited mat decreased relative to the uninhibited control. The anoxygenic photosynthesis evidently became inefficient at the lower sulfide level. Sulfide approached zero asymptotically and was still detectable after 20 to 25 min. Oxygen did not evolve due to the DCMU inhibition. Thus, in the uninhibited mat both anoxygenic and oxygenic photosynthesis have been operating in concert to remove sulfide at low concentrations.
The transition between oxygenic and anoxygenic photosynthesis was studied in more detail to determine at what level the sulfide became inhibitory to the oxygen evolution. A fresh mat fragment was exposed to gradually increasing sulfide levels in the dark. At various increments of sulfide level, light was switched on and we noted the lag time and the sulfide level when oxygen first started to build up. The subsequent maximum rates of oxygen increase were then measured after sulfide was depleted, as well as the rates of oxygen decrease, as a measure of oxygenic photosynthesis, when the light was switched off. The results are presented in Fig. 7 .
The lag period, during which the cyanobacteria reduced the ambient sulfide to a level where an excess of free oxygen could evolve, increased gradually with the sulfide levels. At 1,000 ,umol of HS-liter-' (= 250 ,umol of H2S liter-') it took 6 min before the first traces of oxygen were detected. The rates of oxygen increase or decrease, and thus the relative rates of oxygenic photosynthesis, were clearly inhibited by the preceding exposures to increasing sulfide. At 1,000 ,umol of HS-liter-', a free oxygen pool could barely build up in the mat fragment. The fact that it also disappeared relatively slowly again showed that the slow build up was not just due to a concomitant rapid consumption or diffusion loss, but rather to an inefficient oxygenic photosynthesis. There was not a major difference in the actual sulfide concentrations within the mat by the time when the oxygen accumulation began (when sulfide had been reduced to 100 to 300 ,umol of HS-liter-' which is 25 to 75 ,umol of H2S liter-'). The data in Fig. 7 show an inhibitory effect of sulfide that persists even after the sulfide has been transiently depleted.
A reverse experiment with gradually decreasing sulfide levels showed that this persisting sulfide inhibition was only slowly released again (data not shown). A mat fragment was exposed to 700 ,umol of HS-liter-' (= 175 ,umol of H2S liter-') in the dark for 1 h. In the light, the phototrophs gradually consumed the sulfide, but only after the sulfide had been reduced to the same low level of about 100 p,mol of HS-liter-' as in the previous experiment was oxygen evolved. During repeated light-dark shifts, the rates of oxygen build up increased gradually as sulfide decreased. The rates of oxygenic photosynthesis (oxygen decrease) were, however, still strongly inhibited down to very low sulfide levels, and only below 10 ,umol of HS-liter-' did the cyanobacteria start to rapidly recover from the previous high sulfide level. DISCUSSION
The thick cyanobacterial mats that grow under oxic brine along the shore of Solar Lake are well established and stable microbial communities. The cyanobacteria in the thin photic surface layer of the mat are exposed to several hundred micromoles of HS-liter-' during the night, while during the day this layer is supersaturated with oxygen (20, 30) . The sulfide does not accumulate in the epilimnetic water of the Solar Lake but is oxidized at the mat surface by colorless sulfur bacteria, e.g., Achromatium sp. and Beggiatoa sp., as well as by the phototrophic procaryotes.
In the present study we have experimentally amplified the effect of sulfide by stepwise addition of sulfide to the overlying water, thereby increasing its concentration in the surface mat. The ecological relevance of the results is therefore not that they reveal a naturally occurring phenomenon, but rather that they demonstrate the physiological potentials of mat organisms to deal effectively with sulfide. The photosynthetic community was clearly well adapted to utilizing sulfide, as it could initiate oxygenic photosynthesis even when the mat was exposed to 5,000 ,umol of HS-liter-' in the overlying water. The bacteria at a 0.7 to 1 mm depth in the mat first brought down the sulfide level to 100 to 300 ,umol liter-' before oxygen suddenly started to build up.
Anoxygenic versus oxygenic photosynthesis. The lightdependent metabolism of sulfide and oxygen in the mat must involve both anoxygenic and oxygenic photosynthesis to account for the present results. Theoretically, the sulfide depletion could be due to photosynthetic oxygen production alone, even when oxygen was not detectable, if the oxygen was used instantaneously to oxidize the sulfide. This possibility, however, cannot be the main explanation because the sulfide depletion was not inhibited by DCMU, which blocks photosystem II activity and thus the evolution of oxygen (Fig. 6) . The sulfide depletion must have been due to a direct photosynthetic utilization of sulfide and not indirectly due to a sulfide-resistant oxygenic reaction.
The microbial community of the Solar Lake mat comprises a range of physiological types with quite different reactions to sulfide. The cyanobacteria are the dominant, mat-building organisms, and they are also the most versatile with respect to photosynthetic potential. Several of the species which occur in the mats have been shown to perform anoxygenic photosynthesis, with H2S as the electron donor, when exposed to sulfide at appropriate levels (13, 16) . This is the case for both the filamentous M. chthonoplastes and Phormidium sp., as well as for the unicellular Aphanothece halophytica.
Purple phototrophic bacteria and Chloroflexus-like filamentous bacteria are also present in the mat. They have an obligately anoxygenic photosynthesis and may contribute to the photosynthetic depletion of sulfide. They constitute, however, only a minor fraction of the phototrophic community.
Diatoms are the only eucaryotic phototrophs in the mat. They have exclusively oxygenic photosynthesis which becomes inhibited already at low sulfide concentrations. Due to this sulfide inhibition, the diatoms depend on the cyanobacteria to remove the ascending sulfide before they can start to photosynthesize. They therefore grow only on the very surface of the mat where oxic conditions prevail.
It is not possible from the present results to discriminate between the activities of the individual groups of phototrophs in the mat. The removal of sulfide and evolution of oxygen in the light were a result of the concerted activities of the mixed communities. It is clear, however, that the most active community was that of the dense Microcoleus layer at a 0.7 to 1 mm depth. These cyanobacteria were shown to have an efficient anoxygenic photosynthesis in pure culture and they can totally deplete sulfide of several millimolar concentration in the light (13) . The anoxygenic photosynthesis in the mat was fastest at the highest sulfide concentrations tested (Table 1) . The subsequent oxygenic photosynthesis was, however, reduced due to the preceding exposure to sulfide (Fig. 7) . This inhibitory effect of H2S on photosystem II activity persisted for many minutes after the sulfide had been depleted, but ultimately the cyanobacteria recovered from even the highest sulfide levels (Fig. 5) . The transition from anoxygenic to oxygenic photosynthesis is thus the most critical stage for a cyanobacterial community when exposed to sulfide in the light.
Role of M. chthonoplastes. To demonstrate whether the physiological potential of M. chthonoplastes alone could account for the present results on the whole mat community, we investigated the photosynthetic responses to sulfide in pure cultures of M. chthonoplastes isolated from the same mat (13) . Measurements of CO2 fixation rates, sulfide consumption and oxygen production rates, and of photosystem II fluorescence at different sulfide levels with and without DCMU showed that photosystem II was only partly inhibited by sulfide in this organism. At high sulfide levels, >100
,umol of H2S liter-', the oxygenic photosynthesis was relatively insignificant, but at 70,umol of H2S liter-' about 50% of the photosynthesis was oxygenic, while the rest was sulfide dependent. At even lower sulfide levels the sulfide dependent photosynthesis was strongly reduced and the oxygenic process became dominant.
There is thus a gradual transition from a predominantly anoxygenic to a predominantly oxygenic photosynthesis in M. chthonoplastes which can be observed as the organism depletes the sulfide from its environment. Oxygen does not build up around the filaments at high sulfide levels, presumably because the small amounts of oxygen are instantaneously consumed, e.g., for the oxidation of sulfide. Only when the oxygen evolution at lower sulfide concentration exceeds its rate of consumption does a free oxygen pool develop. As this oxygen will still react with the remaining sulfide it will enhance the final depletion of sulfide which is inefficiently removed by anoxygenic photosynthesis at low sulfide concentration.
These results from pure cultures suggest that the photosynthetic activity of M. chthonoplastes could possibly explain the sulfide-oxygen transitions observed in the Solar Lake mats. It could also explain why the final removal of sulfide in Fig. 6 became very inefficient when oxygenic photosystem II activity was blocked by DCMU.
The high resistance to sulfide inhibition of photosystem II in M. chthonoplastes is in contrast to the observations from Oscillatoria limnetica of the Solar Lake hypolimnion. In 0. limnetica oxygenic photosynthesis was completely blocked at low sulfide levels and only anoxygenic photosynthesis seemed to operate at higher sulfide levels (12, 15 Ecological significance. The type of sulfide response in Microcoleus sp., in which photosystem II is only partially shut down during anoxygenic photosynthesis, seems ecologically advantageous in mats growing under oxic waters. In the Solar Lake mats the main ecological role of the sulfide dependent photoreduction was to remove sulfide in the early morning. The sulfide level here gradually built up to a few hundred ,umol liter-' in the Microcoleus layer during night, but within less than 1 h after sunrise, the sulfide was totally depleted from the photic layer and was replaced by over 1 mmol of 02 liter-1 (21, 30) . A rapid shift from sulfidedependent photosynthesis to oxygen evolution is therefore essential. At least in the Microcoleus community this is most effectively achieved when photosystem II is in operation well before sulfide is depleted ( Fig. 6; reference 13 An early evolution of oxygenic photosynthesis in stromatolites may have occurred in cyanobacteria-like organisms concurrent with the anoxygenic process over long periods without the appearance of free biogenic oxygen. As the oxygenic process became more dominant, a local oxygen region may have developed within the mats surrounded by a highly reducing environment. Oxygen would later start to flow out of the mats in which the whole photic zone was oxic during the day but sulfide-containing during the night. The cyanobacteria would then switch diurnally between predominantly anoxygenic and oxygenic photosynthesis, as in the present Solar Lake mats where the anoxygenic photosynthesis is now restricted to short periods after sunrise.
The massive deposition of the Banded Iron Formations (BIFs) at about 2.1 billion years ago is regarded as evidence of large-scale oxygen accumulation in the oceans and atmosphere (8, 34) . The BIFs are often associated with cyanobacterial stromatolites which developed along the margins of the depositional basins and which presumably were a source of oxygen. There is also recent evidence that some cyanobacteria can use Fe"+ directly as an alternative electron donor to photosystem II dependent photosynthesis (Y. Cohen and E. Gack, manuscript in preparation). There is no geological evidence for photosynthetic oxygen production before the BIFs. Cyanobacteria-like microfossils have been described, however, in stomatolites dating back to 3.5 billion years ago. We may speculate, that the ensheathed filamentous bacteria found before the BIF formation could possibly have carried out oxygenic photosynthesis long before the produced oxygen started to accumulate in the environment or even to have a global impact which today can be recognized in the geological record.
